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Summary
Objective: The subchondral plate and its reconstitution has been an under-researched aspect of articular cartilage repair. The extent to which
the subchondral plate is restored by natural healing remains controversial. This study aimed to quantify advancement of subchondral bone
during repair of an osteochondral defect, and to examine the effect of subchondral bone height on the quality of articular surface repair.
Design: Osteochondral defects, 3 mm diameter by 3 mm deep, were made by controlled drilling through the articular surface into the
subchondral bone in femoral condyles of 33 rabbits. The repair response was examined at 8, 16 and 32 weeks (n14, 12 and 7, respectively)
post surgery. The specimens were subjected to mechanical testing, radiography, histology and histomorphometrology using an image
analysis system.
Results: At 8 weeks, the level of reparative subchondral bone was 0.790.36 mm below the native tidemark. By 16 weeks, reformed
subchondral plate was irregular, showing that 76.5% of the plate had extended beyond the native tidemark (0.130.05 mm) whilst 16.9% of
the plate remained below (0.190.15 mm). The repaired surface non-osseous layer became thinner than the adjacent cartilage (0.23
0.08 vs 0.380.11 mm, P<0.05). This persisted up to 32 weeks. The repaired surface layers showed disappearance of safranin-O staining,
increased separation splits at the boundary, and eventual degradation. General histological scores were similar across 8, 16 and 32 weeks
although the scores of defect filling and restoration of osteochondral junction were decreased from 8 to 16 weeks. Mechanically, repaired
defects had lower contact pressure and greater indentation than the normal controls at all time (P<0.05). Indentations of the cartilage
adjacent to the defects were also greater than the normal at 8 and 32 weeks (P<0.05).
Conclusion: The reparative subchondral bone advanced beyond the level of the native subchondral plate by 16 weeks in osteochondral
defects of the rabbit femoral condyles. The presence of an advanced and irregular subchondral plate was associated with degradation of
repaired articular surface. Abnormal subchondral plate is likely one of the major factors in influencing the long-term outcome of articular
cartilage repair.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Articular cartilage and subchondral bone are different com-
posite materials that act together as a functional unit. When
damaged, bone is able to heal and remodel its original
structure; articular cartilage, on the other hand, has limited
ability to heal unless the underlying subchondral bone is
perforated, allowing access for regenerating cells to effect
limited fibrocartilaginous repair1–4. This principle forms the
basis for treatment of articular lesions by drilling through
the osteochondral junction. The long-term outcome of the
articular repair after the treatment, however, remains poor.
Whilst poor quality of repaired fibrocartilaginous tissue has
been recognised as the major factor resulting in failure of
articular repair, the underlying subchondral plate and its
reconstitution has been a much under-researched aspect
of articular repair.
The extent to which the subchondral plate is restored by
natural healing remains controversial. Some studies have
reported that subchondral bone repair is self-limiting, not
usually advancing beyond the level of the original osteo-
chondral junction4–8. Other studies have found that it may
extend beyond the natural level, resulting in a thinner
cartilage layer in the repaired surface with consequent
alteration of the mechanical properties9–14. However, the
extent of subchondral plate advancement in healing osteo-
chondral defects has not been systematically quantified,
and the question of its importance to a proper functional
articular surface remains to be fully addressed. This study
aimed to quantify the advancement of reparative subchon-
dral bone in the rabbit knee for periods up to 32 weeks, and
to examine the effect of subchondral bone height on the
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quality of articular surface repair. The reasons for our
interest in the subchondral bone are: (1) the emphasis in
articular repair has been concentrated on the cartilage
component and (2) restoration of the correct contour of the
subchondral plate is likely to be essential for a long-term
outcome even when the cartilage problems are solved
since, from a mechanical standpoint, cartilage and
subchondral bone constitute a functional unit.
Materials and methods
Thirty-three female New Zealand white rabbits, 21 weeks
old, were used. They were divided into three groups of 14,
12 and 7 for study at 8, 16 and 32 weeks, respectively.
SURGERY
Under general anaesthetic and using strict aseptic tech-
nique, the right knee was opened via a medial parapatellar
approach, followed by lateral patella dislocation. A hand
drill, with depth-controlled bits, was used to produce stan-
dard 3 mm3 mm cylindrical defects in the centre of the
condyles. This central position was located in most cases
where the condylar width was 5 mm. The defect was
commenced using a 1 mm diameter drill bit to drill through
the articular cartilage into the subchondral bone to a depth
of 1–2 mm. The surrounding cartilage was then cut using a
3 mm diameter tubular cartilage cutter with a sharp cutting
front and a central locating spike. This technique prevented
the cartilage edge from becoming ragged. The initial hole
was subsequently enlarged to 3 mm diameter and 3 mm
depth using 2 and 3 mm diameter drill bits. The hole was
drilled slowly, and the depth repeatedly checked with a
gauge. The base of each defect was then flattened with a
3 mm3 mm metal rasp. The patella was relocated and the
wound closed in layers using 4-0 dexon sutures. The left
knee was kept intact as a normal control. The animals were
caged and allowed to move freely after recovery, until
termination by an intravenous overdose of urethane (30%,
1 ml kg−1 body weight) at the end of each experimental
period. Both knees were harvested post-mortem and
stored at −20°C.
GROSS EXAMINATION
Both condyles of each knee were examined macroscopi-
cally, and photographed. The quality of repair and the
presence of any gross damage to the articular surfaces
were recorded.
MECHANICAL TESTING
Ten, nine and seven femoral condyles containing de-
fects, and 20, 18 and 14 normal condyles from the contra-
lateral knees from each group were subjected to indenta-
tion and contact pressure measurement using a specially
designed apparatus. Construction of the test-rig and mode
of use have been comprehensively described else-
where15,16. In brief, the apparatus was composed of two
transducers. A rig-mounted linear potentiometric displace-
ment transducer (Model 8FLP10A, Sakae, Japan) was
used for measuring indentation of articular cartilage and
repair tissue. A miniature pressure transducer (Model
060S, 1.5 mm in diameter, pressure range 0–4 MPa, Pre-
cision Measurement Company, USA) formed the tip of the
indenter and facilitated measurement of contact pressure
(pressure between the articular surface and the flat circular
surface of the transducer) as the indenter was pressed
against the articular surface. Signals from two transducers
were amplified and passed through an analogue/digital
converter (PC26A 16 channel, 12 bit AD574 ADC, Amplicon
Liveline Limited, UK) to a computer (PC Compuadd 425s,
USA). This arrangement enabled indentation and contact
pressure to be measured and recorded simultaneously
from the two transducer channels. The resolution of the
testing system was 0.0024 V, corresponding to a displace-
ment of 0.0017 mm and a pressure change of 0.0023 MPa.
Reproducibility of indentation and contact pressure were
obtained using a rubber sheet glued to Perspex17,18. Less
than 5% coefficient of variation was found after 50 repeated
tests.
For each test, the distal femur was cemented to a
specimen holder that allowed 360° of rotation about the
horizontal, a 30° tilt about the vertical, as well as horizontal
and vertical adjustment. This arrangement enabled the
articular surfaces to be reproducibly positioned at 90° to the
line of action of the indenter. Measurements were made
from the centre of the defect and from the corresponding
anatomical position in the contralateral normal knee. A
constant load of 2 N was applied for each test. The onset of
indentation was marked by the sudden rise in pressure as
the indenter tip contacted the specimen surface. Measure-
ments were taken at 5 ms intervals for a total period of 5 s.
During each test, specimens were kept moist by regular
application of Ringer’s solution.
Indentation deformation and contact pressure were
recorded at 3 s following application of load; this time
was chosen because the maximum load applied to the
specimen was attained before this time. The indentation
recorded was a direct measurement of tissue deformation;
the parameter was not normalised for tissue thickness
(i.e., indentation/thickness ratio) because of the irregular
thickness of the repaired surface layer19.
Following mechanical testing, specimens were fixed in
neutral buffered formalin for histology.
RADIOGRAPHY
Before decalcifying specimens for histology, restoration
of the subchondral bone was assessed by microfocal
radiography. To ensure comparability of images two speci-
mens from each group were trimmed to 4 mm blocks, fully
encompassing the defect. The trimmed faces were parallel
to the sagittal axis of the condyles. All radiographs were
taken with a Hilger and Watts microfocal X-ray machine
using the same exposure conditions (45 kV, 25 mA, 2 s
exposure, magnification ×4.8) and the same film type (Agfa
MR511).
HISTOLOGY
Eleven, eight and five specimens from the 8-, 16- and
32-week groups, respectively, were examined. Detailed
sampling protocol has been described elsewhere16. In
brief, the femoral condyles were fixed in buffered formalin
solution for a week and were then decalcified using 30%
formic acid in 20% sodium citrate solution20. This solution is
less harsh to tissues than some other decalcifying fluids
and preserves cellular staining properties well, even follow-
ing long periods of immersion. Three weeks were required
for complete decalcification of a single rabbit femoral.
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Decalcified condyles were bisected sagittally through the
centre of the defect, using a new surgical blade in each
case. The bisected specimens were embedded in paraffin
wax with their exposed faces towards the bottom of the
mould so that sections were cut from the centre of the
defect. Five sections from each bisected half of the speci-
men were cut and numbered; i.e., 10 sections in all were
obtained. Finally, using a computer based measurement
system (described below), it was checked that the width of
the defect was 3 mm, thus confirming that the section being
analysed was cut across the diameter. By following these
procedures it was ensured that sections were taken from
equivalent locations across each defect, and that results
were comparable within individuals and across groups.
Histological preparation for normal controls were identical
to the procedures described above for the test specimens.
The line of bisection followed the centre line of the condyle,
which corresponded to the centre of the contralateral defect
(where the width of the condyle at the defect site was
usually 5 mm). From serial sections cut from the centre, a
matched section was chosen for histomorphometric com-
parison. Sections were stained with haematoxylin and
eosin to show general cytological features, and with
safranin-O and fast green to demonstrate the presence
of glycosaminoglycans and fibrous tissue, respectively. A
histological grading system21 was utilised to assess defect
healing.
MEASUREMENT OF SUBCHONDRAL PLATE ADVANCEMENT, AND
COMPARISON OF THE REPAIRED SURFACE TISSUE WITH
ARTICULAR CARTILAGE ADJACENT TO THE DEFECT
Measurements were made from haematoxylin stained
sections using an image analysis system16. This consists
of: (1) a video camera (Sony XC-711P, Japan) attached to
a stereo-microscope (Zeiss Stemi SV11, Germany); (2) a
display screen (Taxan 775, Japan) to show the magnified
image; (3) a computer fitted with a Microscale TM/TC
image capture board and associated software (Digithurst,
UK); and (4) a printer (Seikosha SP-2400, Germany) was
attached to supply hard copy of the measurements. The
measurement was calibrated (set) at 1:1 scale with a
resolution of 1 µm.
In order to measure advancement of the reparative
subchondral plate it was essential to know the position of
the native tidemark. Because of curvature of the rabbit
femoral condyle, it was inappropriate to use the tidemark
adjacent to the defect as a reference. There were also
differences in anatomy (size and curvature) between the
medial and lateral femoral condyles16. This problem was
resolved by utilising the normal contralateral condyle. The
normal control for the operated condyle was a matching
condyle from the non-operated knee of the same animal;
i.e., a non-operated medial condyle served as the normal
control for the operated medial condyle; the non-operated
lateral condyle provided a normal control for the operated
lateral condyle. This procedure provided a control of the
same size and curvature for histomorphometric compari-
son. The matched section from the normal condyle was
displayed on the screen at ×12 magnification, and the
native tidemark copied onto a transparent film. The image
of the repair-specimen was then displayed at the same
magnification and overlaid by the transparent film. The
transparency tidemark was aligned to match the displayed
tidemark at the margins of the experimental defect. Finally
a ‘normal’ tidemark was drawn on the experimental speci-
men image using a poly-line cursor, enabling the position of
the repaired tidemark to be assessed with reference to the
contralateral ‘normal’ (Fig. 1).
From the 10 sections taken, two sections from the central
zone were measured, usually one section from each bi-
sected half. The proportion of the new tidemark above or
below the native tidemark was calculated by dividing the
distance of the new tidemark above or below the contra-
Fig. 1. Showing the screen display of a reconstructed tidemark, and measuring sites in the repair region on a histological section.
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lateral native level, by the width of the defect (a constant
3 mm at the diameter), and expressed as a percentage.
The extent of subchondral bone advancement, i.e., the
distance between the ‘reconstructed’ native tidemark and
the reformed tidemark of the repaired defect, was
measured at three equidistant points across each defect
(Fig. 2). Mean of the three measurements was taken as a
measure of advancement of the reformed subchondral
plate. The ‘reconstructed’ native tidemark was set as zero
level. The measurements of the bone level below the native
level were recorded as minus data whilst the measure-
ments above the native level were recorded as plus. The
data from sections in each group (8-, 16- and 32-week
groups) were pooled, to obtain a mean of group for group
comparison.
The thickness of the repaired surface was compared with
that of cartilage adjacent to the defect. The thickness of
repaired surface tissue is the distance between the recon-
structed tidemark and the outline of the new articular
surface, and was measured at the same three points as for
subchondral plate advancement (Fig. 2). The average was
calculated to give a mean thickness for each section.
Thickness of cartilage adjacent to the defect was measured
0.5 mm from the tissue/cartilage boundary on both sides of
the defect, and an average calculated for each section.
Measurements were again pooled to obtain average values
for each group.
Reproducibility of the measurement was obtained using
this system and method on a section by Y.-S. Qiu. Less
than 5% coefficient of variation was found after 30 repeated
tests.
STATISTICS
For data resulting from histomorphometry and mechan-
ical testing (numerical and continuous data), means and
standard deviations were calculated for each group. The
unpaired Student’s t-test was used to assess the signifi-
cance of differences between the groups. For the histologi-
cal grading scores (non-numerical and ranked data), the
median and range were calculated for individual categories
and total scores of each group. The Mann–Whitney U-test
was used to assess the significance of any difference of the
scores between groups. Analysis of variance (ANOVA) was
used initially to assess the significance of differences
among the scores and measurements over the period of
the experiment. If a significant difference was found, the
Mann–Whitney U-test or unpaired Student’s t-test was
used accordingly to further identify the time intervals
between which the significant difference occurred. The
significance of the difference was set at the 0.05 level.
Results
GROSS EXAMINATION
At 8 weeks, osteochondral defects were filled with
whitish regenerative tissue, and sharply demarcated from
the normal adjacent cartilage. New surfaces remained
distinguishable by their circular boundaries and paleness.
Thirteen out of 14 specimens showed repair surfaces level
with, or slightly higher, than surrounding cartilage; one
defect had a depressed healed surface. By 16 weeks all
defects were filled and levelled with the adjacent cartilage.
At 32 weeks, four out of seven repaired surfaces were
intact and similar to those at 16 weeks. The remaining
three were disrupted. Cartilage surrounding the defects
appeared rough.
Fig. 2. Illustrating the three measuring sites (S1–S3) across each repairing defect and the two measuring sites at the adjacent cartilage (A1,
A2). The arrows indicate the boundary between the repair surface and the adjacent cartilage; (a.b.): the advanced subchondral bone; (C):
articular cartilage; (T): the drawn ‘normal’ tidemark.
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RADIOGRAPHY
At 8 weeks, defects were clearly demarcated on micro-
focal radiographs. Outlines of the defects were still visible
at 16 weeks but the amount of bone had increased and the
subchondral bone was largely restored. By 32 weeks, the
density of the restored subchondral bone was similar to
the contralateral normal. However, its level had advanced
beyond the adjacent subchondral plate towards the
articular surface (Fig. 3).
HISTOLOGY
At 8 weeks, defects were filled with new tissue which, in
general, consisted of fibrous tissue at the surface,
safranin-O positive cartilage beneath it, and mesenchymal
tissue and new bone occupying the depths [Fig. 4(a)]5,16. In
the majority of specimens the non-osseous tissues were
wedge-shaped. New bone contained islands of endochon-
dral ossification, which increased in number towards the
surface. The level of newly formed subchondral bone
varied, but no specimens showed reconstitution of an
osteochondral junction, or restoration of the subchondral
plate. The tidemark was absent. New bone, averaged from
three points across the defect, was 0.790.36mm below
the native tidemark (P<0.05), with the lowest level being
2.9 mm below. The fibrocartilaginous layer at the surface
was, on average, 0.840.25mm thick, markedly thicker
than the adjacent cartilage (0.320.06mm; P<0.05) and
extending deep into central defects of the ‘wedge’. Vertical
fissures separated the repair from the adjacent native
cartilage in five out of 11 specimens. Vertical fissures were
also found in adjacent cartilage, close to the defect, in four
specimens.
By 16 weeks, half of the specimens showed restoration
of the subchondral bone plate; the others showed incom-
plete repair at the centre of the defect. In all specimens, the
subchondral bone had in some areas extended beyond the
level of the native tidemark, whilst other areas were either
level with, or below, the native tidemark [Fig. 4(b)]. On
average, the proportion of new bone above the native
tidemark was 76.5%, with 16.9% below. The average
advancement was 0.130.05mm (P<0.05), and the maxi-
mum advancement reached 0.28 mm. The maximum dis-
tance below the native tidemark was 0.5 mm with an overall
average of 0.190.15mm below (P<0.05). As the new
subchondral plate advanced, the overlying repair surface
thinned, measuring 0.230.08mm. This was significantly
thinner than the adjacent cartilage (0.380.11mm;
P<0.05). In contrast to 8 weeks, safranin-O staining was
not seen in repaired surface tissue. Vertical separation
splits between the new surface and adjacent articular
cartilage were seen in four out of eight cases. Three
specimens showed fissures in the adjacent cartilage.
At 32 weeks, one out of five defects examined showed
incomplete repair of the subchondral plate, whilst four
specimens showed complete, or nearly complete, restora-
tions. In three of these, the subchondral plate had ad-
vanced, whilst the other remained below the native plate.
Average advancement was 0.130.05mm (P<0.05) with a
maximum of 0.24 mm, whilst the average distance below
was 0.330.32mm (P<0.05) with a maximum of 1.15 mm.
Average thickness of the repaired surface tissue (0.35
0.28mm) was similar to that of the adjacent cartilage
(0.340.04mm; P>0.05). Safranin-O staining was not seen
in the repaired surface layer. Varying degrees of surface
disruption were observed in four out of five cases [Fig.
4(c)]. In one specimen, fissures were seen in the adjacent
cartilage.
In comparison with 8-week specimens, 16- and 32-week
specimens showed significant advancement of new
subchondral bone (in both, P<0.05), and decreased thick-
ness of the repaired surface (non-osseous) layers (in both,
Fig. 3. A microfocal radiograph showing advanced subchondral bone plate at 32 weeks (indicated by arrows).
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Fig. 4. Histology of repaired specimens at 8, 16 and 32 weeks. (A) There is no reconstitution of an osteochondral junction at 8 weeks. (B)
The subchondral plate is irregular at 16 weeks (arrow) and (C) by 32 weeks it has advanced with consequent thinning and disintegration of
repaired surface layers (arrow). Safranin-O staining is positive at 8 weeks but negative at 16 and 32 weeks (safranin-O and fast green
staining, ×25).
Osteoarthritis and Cartilage Vol. 11, No. 11 815
P<0.05). At 16 and 32 weeks, subchondral bone advance-
ment, the proportion of subchondral bone advanced, and
the thickness of the repaired surface layers were similar
(P>0.05) [Fig. 5(a, b)].
Histological grading scores for each repaired specimen
are summarised in Table I. The differences of the general
scores were not significant across the 8-, 16- and 32-week
time periods (P>0.05) although the scores of defect filling
and restoration of osteochondral junction were significantly
decreased from 8 to 16 weeks (P<0.05).
MECHANICAL TESTING
For each group the results of contact pressure are shown
in Fig. 6a and for those of indentation measurements are
shown in Fig. 6b. Repair tissue at 8, 16 and 32 weeks
Fig. 5. (A) Advancement of subchondral bone in comparison to native level of subchondral plate during 32-week natural healing and (B)
thickness of repair surface layer in comparison to the adjacent articular cartilage at the same period (means, unpaired Student’s t-test).
Table I
Histological grading scores* of the repaired defects (median and range)
n Subcategories Subtotal
I
(filling of
defect)
II
(restoration of
osteochondral junction)
III
(staining
of matrix)
IV
(cell
morphology)
V
(collagen
orientation)
8 weeks 11 1 (0–2)† 2 (1–2)† 3 (1–4) 2 (1–3) 2 (0–3) 9.5 (5–13)
16 weeks 8 0 (0–1) 0.5 (0–2) 3.5 (2–4) 2 (2–3) 3 (2–3) 9 (7–13)
32 weeks 5 0 (0–1) 1 (0–2) 4 (2–4) 3 (2–3) 3 (2–3) 10 (8–13)
*Lower scores indicate better quality of repair.
†P<0.01, vs the scores at 16 and 32 weeks, respectively.
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showed similar contact pressures (P>0.05), which re-
mained significantly less than the contralateral normal
(P<0.05) at all times. Indentations were also similar across
the time periods (P>0.05) and consistently greater than the
normal controls (P<0.05).
Contact pressures of adjacent cartilage, both anterior
and posterior to a defect, were similar to normal controls
(P>0.05) and across time periods (P>0.05) (Table II).
Indentations of cartilage adjacent to the defect were also
similar across the time periods (P>0.05). However, they
were significantly greater than normal controls at 8 and 32
weeks (P<0.05) but similar to normal controls at 16 weeks
(P>0.05).
Discussion
Several studies of subchondral bone repair have sug-
gested that new bone growth is self-limiting, and does not
extend beyond the original osteochondral junction4–8. On
the other hand, Lemperg9 and Speer et al.10 observed that
healing subchondral bone advanced beyond the native
subchondral plate towards the articular surface. Shapiro
et al.13 showed that in such defects, new marrow-derived
cartilage underwent endochondral ossification, forming
bone on the surface of calcified cartilage cores. In the
depths of the defects, new bone formed directly from
osteoblasts derived from marrow mesenchymal cells. The
Fig. 6. (A) Contact pressures of normal and repaired articular surfaces (meanSD). (B) Indentations of normal and repaired articular
surfaces (meanSD).
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new bone is initially woven, eventually becoming lamella,
with the subchondral region modified to form a compact
bone plate and a reformed tidemark. However, histological
architecture of the reconstituted bone plate and cancellous
bone was not identical to the original, and the new tidemark
and subchondral bone advanced beyond the native level.
However, none of these previous investigators quantified
the extent of subchondral bone advancement during repair.
Using a novel histomorphometric method, we have been
able to quantify the extent of subchondral bone restoration
during the natural healing of osteochondral defects in rabbit
knees. Results obtained from the quantitative study re-
ported here showed that new bone extended, at least
partially, beyond the native tidemark at 16 weeks. On
average, 76% of the new bone plate had advanced beyond
the native tidemark at 16 weeks, whilst only 17% of the
plate remained below. Advancement of the new subchon-
dral plate was often irregular, resulting in considerable
variation in thickness of the overlying, reformed surface
layer. The average thickness of the repaired surface layer
was significantly thinner than in adjacent cartilage. These
features persisted up to 32 weeks. Subchondral bone
restoration was again variable; whilst in most cases the
subchondral bone plate was reformed, in some individuals
the repair remained incomplete.
The important question is whether advancement of the
subchondral plate causes subsequent deterioration in the
articular cartilage. Many investigators14,22–30 have sug-
gested that tidemark advancement and thickening of the
subchondral plate, resulting from remodelling of injured
subchondral bone, were early signs of cartilage degenera-
tion in osteoarthritis. Harrison et al.22 and Trueta23 postu-
lated that these changes resulted in uneven distribution of
pressure in articular cartilage. Radin et al.31 and Pugh
et al.32 showed an increased stiffness of subchondral bone
in patients with early osteoarthritis, correlated with changes
in trabecular architecture. They suggested that bone
growth or remodelling increased bone stiffness. Radin
and coworkers14,29,33–36 also suggested that tidemark
advancement and thickening of the subchondral plate was
a necessary condition in the aetiology of osteoarthritis.
Thickening of the subchondral bone plate increases its
stiffness, and the thickness variation generates shear
forces that may initiate articular cartilage degradation.
Li and Aspden37 examined the stiffness of subchondral
cancellous bone from femoral heads of patients with osteo-
arthritis and reported that stiffness (356 MPa) was about
15% greater than in normal controls (310 MPa). Anderson
et al.38 suggested that thinning of non-calcified cartilage
by calcified cartilage advancement would accelerate the
arthritic process by increasing forces across the non-
calcified cartilage. Hulth28 emphasised that advancement
of the subchondral hard tissue by only a few millimetres
towards the articular surface is sufficient to cause injury to
articular cartilage by loss of joint resilience at peak loading.
These arguments may also apply to repaired cartilage.
Shahgaldi et al.11 reported that contact pressures of
reparative articular surfaces were either higher or lower
than normal controls, and suggested these differences
were related to thickness variation of repaired surface
tissue and the presence or absence of an abnormally thick
subchondral plate. Messner39 and Shapiro et al.13 postu-
lated that inadequate subsurface support from an abnormal
subchondral bone-bed might be one of the main reasons
for unsuccessful repair. The present study demonstrated
that subchondral support was largely inadequate during the
first 8 weeks of repair. Later, the newly formed subchondral
plate provided an improved support, but the properties of
the irregular reformed plate remained abnormal. In the
presence of an advanced subchondral plate, repaired sur-
face layers showed reduced safranin-O staining, increased
separation splits at the boundary with ‘normal’ cartilage,
softening, and eventual degradation.
The control mechanisms, which determine subchondral
bone level during normal development, are impaired during
repair. It is well known that mechanical stresses imposed
on subchondral bone have an important role in optimising
bone mass and facilitating bone remodelling. During repair,
if the stresses experienced were identical to that prior to
injury, remodelling might be expected to restore subchon-
dral bone to its pre-injury condition; if the stresses are
altered, then the architecture will be changed. Since the
quality of the non-osseous repaired surface tissue is per-
sistently inferior to normal and therefore cannot redistribute
load as effectively as normal articular cartilage, the load
applied to the subchondral bone is increased. Bone re-
models in response to the increased load. This response
may, however, be inappropriate; uneven and potentially
damaging subsurface stresses are generated in the sur-
face layer, particularly at the boundary. The repaired sur-
face layers cannot withstand such stresses and eventually
break down. Since there is a dynamic relationship between
articular cartilage and subchondral bone, we believe that
abnormality in either can lead to a disturbed balance of the
bone/cartilage unit. If repair or remodelling fails to restore
the functional balance, a disordered joint will remain. Dur-
ing the past the emphasis in articular repair has concen-
trated on the cartilage component and little attention has
been paid to restoration of the subchondral plate.
In our view, inadequate attention has been paid to the
subchondral plate in clinical studies employing chondral
and osteochondral grafts. The present study highlights
the importance of promoting equal restoration of the articu-
lar surface and subchondral bone during osteochondral
healing, using data from both histological assessment
and mechanical testing. The objective of this paper is to
facilitate further understanding of what happens to the
subchondral bone, and to communicate a novel method of
measuring any change in its ‘repair’ level to other workers.
Data from any animal model, no matter what size or
species, will not correlate precisely with the features of
human disease, because of different biological characteris-
tics. We have used the rabbit in this study because of its
wide use in studies of joint disease, but recognise that our
results may not be general for all species and, in particular,
Table II
Contact pressure and indentation of articular cartilage adjacent to
defect (mean±SD)
Contact pressure (MPa) Indentation (mm)
Anterior* Posterior* Anterior Posterior
8 weeks
N* (n=20) 3.14±0.88 2.31±0.88 0.08±0.02 0.08±0.02
D* (n=10) 2.64±0.90 1.92±0.51 0.10±0.03 0.10±0.01
16 weeks
N (n=18) 2.46±1.07 2.64±1.02 0.08±0.02 0.10±0.05
D (n=9) 2.35±1.26 1.96±0.93 0.08±0.03 0.11±0.03
32 weeks
N (n=14) 3.20±1.08 2.23±0.91 0.08±0.03 0.08±0.02
D (n=7) 3.38±1.05 2.02±1.01 0.11±0.04 0.13±0.05
*D, defect; N, normal control, anterior/posterior to defect.
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that extrapolation to humans requires caution. However,
there is a commonality of joint function and pathophysio-
logical controlling mechanisms in mammals, and it might be
expected that our results have wider utility.
In this study we have been able to quantify the extent of
subchondral bone restoration during the natural healing of
osteochondral defects in rabbit knees, and showed that the
reparative subchondral bone advanced beyond the level of
the native subchondral plate by 16 weeks. The presence of
an advanced and irregular subchondral plate was associ-
ated with degradation of the repaired articular surface. We
suggest that advancement of the subchondral plate beyond
the native level might be considered as one of the major
factors influencing the long-term outcome of articular sur-
face repair, together with poor quality of the non-osseous
repaired surface tissue. Since the subchondral bone plate
is a foundation for the surface, we suggest that the quality
of biological repair of osteochondral defects will be im-
proved if subchondral bone responses are better regulated,
and the plate is reconstituted with properties more closely
approaching those of the original. Further, more extensive
studies across species and in humans are needed to
determine if our findings in rabbits have broader applica-
tion. We believe, however, that the hypothesis presented
here merits further study.
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